Introduction
Cu(In,Ga)Se 2 (CIGS) are among the most promising materials for thin film solar cells. CIGS solar cells with high conversion efficiency have a typical device structure of TCO/ZnO (window layer)/CdS (buffer layer)/CIGS (absorber layer)/Mo (back contact)/soda-lime glass substrate. The CdS layer was deposited by chemical bath deposition (CBD) . In previous studies, it was demonstrated that a Cd-doped CIGS layer was formed at the CdS/CIGS interface during the CBD process [1, 2] . The Cd-doped CIGS layer showed n-type conduction and formed a buried p-n junction in the CIGS film [3] . CIGS films were also modified with Zn doping by wet process and vacuum evaporation process [4] .
The basic sciences research group at the National Renewable Energy Laboratory (NREL) has studied the electronic structures and defect formation energy of CuInSe 2 (CIS) and related compounds since the 1980s [5, 6] . We have also studied the electronic structure [7] and defect formation energy of CIS and related compounds [8] . The valence band maximum (VBM) of CIS is the antibonding state of (Cu 3d +Se 4p), while the conduction band minimum (CBM) is the antibonding state of (In 5s + Se 4p). The formation energy of Cu vacancy is smaller than those of In and Se vacancies in CIS.
In this study, we calculated the substitution energies of Cd or Zn atoms for Cu, or B (B =In, Ga and Al) atom in CIS, CuGaSe 2 (CGS) and CuAlSe 2 (CAS). The electronic structures such as the band structure and density of states (DOS) of Cd-or Zn-doped CIS, CGS and CAS were calculated.
Computational Procedures
We performed first-principles calculations within a density functional theory using a plane-wave pseudopotential method. The present calculations were performed using the CASTEP code [9] . The substitution energy of Cd for Cu or In atom in CIS was calculated from the difference of total energy between perfect crystal (without a substitution of Cd atom) and the supercell with a substitution of Cd atom. The total energy of the perfect crystal was calculated using the chalcopyrite-type unit cell (space group: d 2 4 I ) with 16 atoms. Calculations for substitution energy of Cd for Cu or In atom in CIS were performed using the supercell with 64 atoms.
Atomic arrangements around substituted Cd and Zn atoms were optimized, allowing relaxation of the first-and second-nearest neighbor atoms. The relaxation procedures were truncated when all the residual forces for the relaxed atoms were less than 0.01 eV/Å.
Results and discussion

Doping of Cd atom in CuBSe 2 (B= In, Ga, Al)
The substitution energy of Cd for Cu or In atom in CIS depends on the atomic chemical potentials in the system. The substitution energies of Cd for Cu atom and for In atom can be respectively presented by
where E sub (Cd Cu ) and E sub (Cd In ) are the substitution energies of Cd for Cu atom and for In atom, respectively. E t is the total energy of the CIS with and without a substituted Cd atom. The symbols μ Cu and μ Cd show the chemical potentials of Cu and Cd atoms, respectively. The chemical potentials, μ Cu and μ Cd , change independently depending on the chemical environment of the system. In this study, chemical potentials for Cu and Cd were approximated as the total energies per unit formula by separate calculations, i.e. μ Cu = E t (Cu) and μ Cd = E t (Cd). The substitution energies of Zn for Cu atom and for B atom in CuBSe 2 were calculated by the same computational method for consistency. Fig.1(a) , the PDOS of Cd Cu for CIS are located at -9 eV (Cd 4d) and from -6 eV to -1 eV (bonding state of Cd 5s, 5p and Se 4p) in the valence band and from 0 eV to +2 eV (antibonding state of Cd 5s, 5p and Se 4p) in the conduction band. The bonding states of (Cd Cu 5s, 5p + Se 4p) are lower than the VBM of CIS (Cu 3d + Se 4p). On the other hand, the antibonding states of Cd Cu (Cd Cu 5s, 5p + Se 4p) are located near the CBM of CIS (In 5s + Se 4p).
(a)-(c) show the partial densities of states (PDOS) of Cd-doped CIS (a), CGS (b), and CAS (c). In
In Fig. 1 (b) and (c) , the antibonding states of Cd Cu in CGS and CAS are also located near the CBM, while the bonding states are located at a lower energy level than the VBM. Therefore, Cd doping in CIS, CGS, and CAS affects the bottom of the conduction band. Thus, the donor level of Cd Cu will be formed near the CBM. 
Doping of Zn atom in
